In past few years, a lot of attention has been given for the development and application of aluminum-silicon-magnesium alloys due to their high strength to weight ratio, low density, and good resistance to fatigue crack growth. These alloys are attractive materials for application in advanced aerospace structures at low temperature. Therefore, the present study is envisaged to examine fracture-fatigue behavior of aluminum-silicon-magnesium alloy i.e. 6082-Al alloy. Plate shape 6082 Al-alloy is rolled at room temperature and cryogenic (liquid nitrogen) temperature for 40% and 70% thickness reductions. The effect of cryorolling on high cycle fatigue behavior of aluminum 6082 alloy has been examined through experimental investigation. The fatigue life and fatigue crack growth mechanism of the 6082 Al-alloy are evaluated through testing. Cryorolled and room temperature rolled Al-alloy, examined under HCF regime, shows a significant enhancement in fatigue strength as compared to bulk Al-alloy.
Introduction
Polycrystalline materials having the ultrafine grained microstructure show improved mechanical properties as compared to the conventional bulk materials (Gholinia et al., 2002) . Literature shows that the superior mechanical properties are obtained through severe plastic deformation technique (SPD), which is widely used for obtaining ultrafine grained micro-structures in the metallic materials (Valiev et al., 2000; Valiev, 2003; Lowe and Valiev, 2004) .
Due to the high stacking fault energy, it is very difficult to produce the ultrafine grain structure from the aluminum alloy using conventional processing. To overcome this difficulty, SPD process such as equal channel angular pressing, multiple compressions, accumulative roll bonding, torsional straining and rolling area are available which are used to produce bulk nano-structured or ultrafine grained materials for structural applications (Panigrahi and Jayaganthan, 2008) . These methods require large plastic deformations. By deforming at cryogenic temperature, nano-structured or ultrafine grained are produced from its bulk form (Mughrabiet al., 2004; Vasudevanet al., 1997) . Due to the suppression of dynamic recovery, density of accumulated dislocations reaches at high immovable state during cryorolling of alloys (Xu et al., 1991) . In ultrafine grained structure, the dislocation cells reconstruct themselves along with high angle grain boundaries (Nowotnik et al., 2007) .
The 6000 series aluminium alloys are commonly used as medium strength structural materials; in particular, this series alloys are widely utilized as a general-purpose structural material due to their excellent formability and corrosion resistance. This series alloy having the properties such as low density, high strength to weight ratio, ductility, toughness and good resistance to fatigue. However, there is no previous reported literature on high cycle fatigue and fatigue crack growth rate (FCGR) (Nikolaos et al., 2013) cryorolled 6082 Al-alloy. The main purpose of the present work is to observe the effect of cryorolling on fatigue life and fatigue crack growth resistance of 6082 Al-alloy. The fatigue strength of cryorolled (CR) and room temperature rolled (RTR) Al-alloy is strongly dependent on grain size. FCGR study is performed under tension-tension fatigue loading using compact tension (CT) specimen of CR and RTR materials (Cadenas et al., 2009 ). On the basis of present investigation, a significant improvement in fatigue crack growth resistance has been observed for CR and RTR 6082 Al-alloy, which is due to the effective grain refinement in the alloy. The FE-SEM fractographs of the fatigue samples, fractured under fatigue loading, reveal the transition in fracture morphology from the high to low stress region.
Experimental Procedure
The starting thickness for 6082 aluminum alloy samples is taken as 10 mm. The 6082 Al-alloy with the chemical composition of 1.2 Si, 0.78 Mg, 0.5 Mn, 0.3 Fe, 0.14 Cr, 0.08 Cu, 0.05 Zn and rest is Al in the form plate of 50 mm thickness is machined into small plates. It is then solution treated (ST) by heating up-to 540°C and maintaining the temperature for approximately 2 hrs followed by quenching treatment in water at room temperature (Aginagalde et al., 2009 ). The solution treated Al 6082 alloy plates are subjected to rolling at cryogenic temperature to achieve 40% and 70% thickness reduction. The samples are soaked in liquid nitrogen for 15 minutes prior to each rolls pass during the rolling process. The diameter of roller is 110 mm and the rolling speed is 8 rpm. In each pass, the temperature before and after rolling of the sample is -190 °C and -150 °C, respectively. It is noted that the time taken for rolling and putting back the samples into the cryocan is less than 40 to 50 seconds during each pass in order to preclude the temperature rise of the samples. The solid lubricant, MgSi 2 has been used during the rolling process to minimize the frictional heat. A schematic diagram of cryorolling is shown in Figure 1 . The thickness reduction per pass is about 5% but many passes are given to achieve the required thickness reduction. In order to further improve the mechanical properties, ageing is done for 14 hrs at 160 °C. Fatigue tests are performed for bulk, room temperature rolled and cryorolled 6082 Al alloy as per ASTM E647-08 standard on a computer controlled 100 kN servo hydraulic Instron machine. The dimension of fatigue specimen is shown in Figure 2 . The thickness (t) of the specimen is varied for bulk, 40% and 70% rolled samples. Clevis loading fixture is used for fatigue loading of specimen. Load ratio (R=P min /P max ) for fatigue testing is taken as 0.2. The maximum and minimum loads are taken tensile. The frequency of the load is taken 20 Hz. The initial and final crack sizes are taken as 17 mm and 24 mm, respectively. 
Results and discussion
The microstructure of the bulk Al-alloy exhibits lamellar grains having average grain size of around 77 μm, lying parallel to the ingot axis (Kumar et al., 2013) . In case of CR samples, the grain size is reduced to about 700 nm and 620 nm for 40% and 70% thickness reductions, respectively, whereas the grain size is reduced to about 950 nm and 600 nm for the RTR samples subjected to 40% and 70% thickness reductions, respectively (Kumar et al., 2013 ).
An improvement in mechanical properties has been seen after cryorolling and room temperature rolling in comparison to starting bulk alloy. Table 1 shows the effect of cryorolling on tensile and hardness properties of the alloy (Kumar et al., 2013) . 
Fatigue Analysis
The high cycle fatigue study is performed on a 100 kN servo-hydraulic machine to obtain a plot of stress with number of cycles. A typical fatigue specimen, prepared as per ASTM E647-08 standard, is shown in Figure 2 along with its dimensions. The fatigue tests for bulk, 40% CR, 70% CR, 40% RTR, and 70% RTR alloy are performed by taking a stress ratio (R) of 0.2. Thickness (t) of the fatigue specimen prepared from bulk, 40% CR, 70% CR, 40% RTR and 70% RTR alloy is taken as 5 mm, 6 mm, 3 mm, 6 mm and 3 mm, respectively. Table 2 presents the fatigue failure cycles along with corresponding alternating stress for bulk, 40% CR, 70% CR, 40% RTR, and 70% RTR alloy. Figure 3 also describes the alternating stress against the number of cycles to failure for bulk, CR and RTR samples. From the experimental results, the fatigue life is found to be 1.02x10 5 and 4.5x10 7 cycles corresponding to the alternating stress (σ a ) of 86.7 and 45.3 MPa, respectively, for the bulk material. In case of 40% CR alloy, the failure life is found to be 3.20x10 5 at σ a = 88.9 MPa and 7.3x10 8 cycles at σ a = 56.3 MPa, whereas in case of 70% CR samples, the fatigue life is found as 3.60x10 7 cycles at σ a =177. figure 3 , it is seen that there is a significant improvement in the fatigue life after rolling. The fatigue life gradually improves with the amount of thickness reductions in both CR and RTR samples. In case of CR material, the improvement in fatigue life is found more as compared to RTR material for same amount of thickness reduction. The fatigue life of 70% CR samples is found maximum for a given value of alternating stress. ------88.9 ---55.5 Fig. 3 . Alternating stress vs number of failure cycles for bulk alloy, 40% CR, 70% CR, 40% RTR, and 70% RTR alloy.
Fracture Surface Morphology
After fatigue testing, the fracture surfaces of bulk, CR and RTR specimens are examined through the FE-SEM as shown in Figure 4 . The fracture surface of the bulk sample shows the transgranular ductile fracture. The dimple size is gradually decreasing with the increase in thickness reduction. In case of 40% CR samples, the fracture is seen with sufficient plastic deformation under normal mode. In case of CR 70% Al alloys, the fully ductile fracture surfaces are observed with micro-voids. The dimple size is reduced to less than 1 μm in 70% CR sample. Quasi cleavage fracture and secondary crack growth is clearly observed in 40% RTR sample. In 70% RTR sample, ductile fracture and fatigue striations are observed on the fractured surface. 
XRD Analysis
The XRD peaks of starting bulk, CR and RTR alloy for different thickness reductions are shown in Figure 5 . The presence of Fe-rich (Al 2 FeSi) and Mg-rich (Mg 2 Si) impurity phases can be seen in bulk alloy. The amount of (AlFeSi) is much lower in cryorolled material as compared to its bulk form, which is due to solution treatment given prior to cryorolling. The suppression of dynamic recovery due to cryorolling causes accumulation of higher density of dislocations. At room temperature, cryorolled materials containing high dislocation density may facilitate the nucleation of the precipitates due to the higher driving force available at this temperature. The peak of Mg 2 Si is observed in bulk and 40% CR alloy but this peak is reduced in 70% CR and 70% RTR samples, which is due to heavy deformation strain imposed in the sample at cryogenic temperature. 
Conclusions
In the present work, the high cycle fatigue behavior and fracture surface morphology of CR and RTR 6082 Al alloy have been investigated through experimental tests. The bulk alloy samples are rolled at different percentage of thickness reductions at room temperature and cryogenic (liquid nitrogen) temperature. The samples prepared from rolled alloy are tested under cyclic (tension-tension) loading. This study shows a significant improvement in strength and fatigue properties and a major reduction in fatigue crack growth rate for both CR and RTR alloy samples. The improvement in fatigue life is found more in case of CR samples as compared to RTR samples for same amount of thickness reduction. XRD analysis shows the peak of Mg 2 Si in bulk and 40% CR alloy but this peak is reduced in 70% CR and 70% RTR samples, due to deformation strain induced in the sample at the cryogenic temperature. Fractographs of all tested samples signifies a transition in fracture morphology from dimpled rupture at the high stress level to ductile striations at low stress level.
